INTRODUCTION
Submucosal glands in mammalian airways secrete a mixture of water, ions and macromolecules onto the airway surface. The composition of the airway surface liquid (ASL), the thin layer of fluid coating the airway epithelium, is determined in large part by the composition of fluids secreted by submucosal glands (1) (2) (3) . Submucosal gland function is thought to play an important role in antimicrobial defense, and in the regulation of ASL volume and composition (3) (4) (5) . Abnormally viscous gland secretions in cystic fibrosis have been proposed to promote bacterial adhesion and inhibit bacterial clearance by impeding ciliary function (6) (7) (8) .
Submucosal glands consist of serous tubules, where active salt secretion into the gland lumen creates a small osmotic gradient driving water transport across a presumably highly water permeable epithelium. Salt secretion by serous epithelial cells is believed to involve Cl -transport 4 fluid secretion in cystic fibrosis and other airway diseases.
EXPERIMENTAL PROCEDURES
Transgenic mice. Knockout mice deficient in AQP4 and AQP5 in a CD1 genetic background were generated by targeted gene disruption (13, 14) . Measurements were done in litter-matched mice (age 8-10 weeks, body weight 20-25 grams) produced by intercrossing of heterozygous mice. The investigators were blinded to genotype information in all measurements. Protocols were approved by the U.C.S.F. Committee on Animal Research.
Measurement of total submucosal gland fluid secretion rate. Mice were anesthetized with pentobarbital (50 mg/kg). After exposure of the trachea by a midline incision, the distal part of trachea (6-8 mm below the thyroid) was cannulated with PE-90 tubing to permit spontaneous respiration. A blunt feeding needle was inserted into the trachea 5 mm below the thyroid gland to fill the upper trachea and nasopharyngeal cavity with 50 µl of phosphate buffered saline containing 1 % bovine serum albumin (325 mOsm, to match serum osmolality in mice) and 1 µCi/ml 131 I-albumin (as a volume marker). The vascular supply to submandibular glands was ligated bilaterally to minimize saliva secretion. In most experiments pilocarpine (80 mg/kg) was injected intraperitoneally to stimulate submucosal gland fluid secretion. After specified times, fluid was expelled through the nares by forcing air through the feeding needle and collected in small preweighed vials. Care was taken to avoid evaporative water loss. The vial was weighed and sample aquaporins as described previously (18). Immunofluorescence localization of aquaporins in 3-4 µm cryostat sections of paraformadehyde-fixed nasopharnyx and upper airways was done using immunopurified rabbit polyclonal antibodies as described previously (19) . Gland morphology was examined in toluidine blue stained plastic-embedded sections.
RESULTS
RT-PCR and immunofluorescence were done to define the aquaporins expressed in mouse airway submucosal glands. For RT-PCR the mucosa/submucosa of the nasopharyngeal surface was carefully dissected. Total submucosal gland fluid secretion was measured in anesthetized mice breathing through a tracheostomy in which the nasopharyngeal cavity was filled with an isosmolar solution containing a radiolabeled volume marker (schematic in Fig. 2A ). Gland fluid secretion was stimulated by intraperitoneal administration of pilocarpine after ligation of the vascular supply to the submandibular glands to minimize saliva production. Fig. 2B shows no volume marker dilution at zero time, indicating no residual fluid. After pilocarpine administration, there was rapid glandular fluid secretion in wildtype mice which was significantly reduced by 44 % in AQP5 null mice (p < 0.001). Deletion of AQP4 did not affect the secretion rate, suggesting that the apical membrane is the rate-limiting barrier for glandular water movement. To rule out contamination of nasopharyngeal fluid by saliva, amylase activities were measured in fluid collected from the mouth and nasopharnyx in the same mice by a colorimetric kinetic assay (Sigma). Amylase activities were 2.7 ± 0.9 unit/ml in nasopharnygeal fluid, less than 2 % of 424 ± 33 unit/ml in saliva, indicating little contamination of collected nasopharyngeal fluid by saliva.
Based on findings in salivary gland (12) , the simplest explanation of the reduced rate of fluid secretion in submucosal glands of AQP5 null mice is low transepithelial osmotic water permeability. If protein and NaCl secretion into the gland lumen are unimpaired and transepithelial water permeability is decreased, then it is predicted that secreted gland fluid will contain elevated protein and salt concentrations. In order to collect gland secretions, the nasopharyngeal cavity was filled with water-saturated mineral oil, pilocarpine was administered, and then the oil and gland secretions were expelled through the nares. After centrifugation, the aqueous layer was assayed for volume, protein content and [Cl -]. In the absence of pilocarpine stimulation less than 0.1 µl of aqueous fluid was recovered. 
DISCUSSION
The goal of this study was to determine whether aquaporin water channels facilitate fluid secretion by submucosal glands in airways. This work was motivated by the desire to identify target molecules that might alter the rate of gland fluid secretion in cystic fibrosis, where abnormal gland secretion may be an important contributor to lung infection and consequent deterioration in lung function. Immunocytochemistry of human (20) and rat (21) airways indicated the expression of aquaporin water channels in glandular epithelia. We found expression of AQP4 and AQP5 at the basolateral and apical membranes, respectively, of serous glandular epithelial cells in mice, the site of active fluid secretion. Using novel in vivo indicator dilution, fluid sampling, and imaging methods, gland secretion was found to be impaired in AQP5 but not AQP4 null mice. Gland fluid from AQP5 null mice had substantially higher protein concentration and mildly elevated chloride concentration compared to fluid from wildtype mice. We found that AQP5 deletion did not produce differences in gland size or density, suggesting that the impaired fluid secretion in AQP5 null mice is a functional rather than anatomical defect. The AQP5-containing apical membrane of the serous glandular epithelium is thus a rate-limiting barrier to transepithelial osmosis driven by salt secretion, suggesting that gland secretion rate is sensitive to changes in apical membrane water permeability.
The impairment of submucosal gland secretion is consistent with the paradigm that aquaporins and high water permeability facilitate near-isosmolar fluid transport in absorptive and secretory epithelia. In the kidney proximal tubule, active absorption of NaCl, NaHCO 3 and glucose from the tubule lumen creates a small osmotic gradient that drives water absorption. Fluid absorption in proximal tubule is decreased by ~50 % in AQP1 mice (11) . Unimpaired salt absorption across a relatively water impermeable proximal tubule epithelium results in the generation of a ~40 mOsm osmotic gradient (lumen hypo-osmolar) at the end proximal tubule of AQP1 null mice compared to an ~10 mOsm gradient in wildtype mice (24) . A similar conclusion was reported for fluid secretion by salivary gland in AQP5 null mice (12) . Nearly isosmolar fluid is secreted into the serous acinus of salivary gland by active salt pumping followed by osmosis through AQP5 water channels at the epithelial cell apical membrane. AQP5 deletion resulted in impaired saliva fluid secretion, with a ~3-fold decrease in saliva volume, and an abnormally viscous and hypertonic saliva. Thus the secretion of a low volume of a hypertonic fluid in submucosal glands of AQP5 null mice probably results from unimpaired salt secretion across a relatively water-impermeable epithelial barrier.
We previously examined the roles of AQP1, AQP3, AQP4 and AQP5 in peripheral lung physiology and airway surface fluid transport utilizing knockout mice deficient in these aquaporins, individually and in combinations. AQP1 is expressed throughout microvascular endothelia in lung, AQP3 in basal epithelial cells in large airways, AQP4 at the basolateral membrane of surface epithelial cells throughout the airways, and AQP5 at the luminal membrane of type I alveolar epithelial cells. In the peripheral lung, the proposed aquaporin functions include alveolar fluid clearance, gas exchange, and the response to acute and subacute lung injury. The proposed aquaporin functions in the airways include humidification of inspired air, regulation of ASL volume/composition, and isosmolar fluid absorption. The principal finding was that although these aquaporins provide a major route for osmotically-driven water transport among the airspace, interstitial and capillary compartments, they are not required for physiologically important lung functions (25) . For example, although osmotic water permeability of the airspace-capillary barrier was >30-fold reduced by deletion of AQP1 and AQP5, active near-isosmolar alveolar fluid clearance was not impaired (14, 26) . The rapid reabsorption of fluid from the airspace just after birth was not impaired by aquaporin deletion, nor was the accumulation of lung edema in response to acid-induced epithelial injury, thiourea-induced endothelial injury, or hyperoxic subacute lung injury (27) . Lung carbon dioxide transport was not impaired in AQP1 null mice (28) . There was little or no effect of AQP3/AQP4 deletion on humidification of upper or lower airways, on the volume or salinity of the ASL, or on near-isosmolar fluid clearance from the upper airways and nasopharnyx (27) . Similarly, the deletion of AQP1 resulted in a substantially decreased osmotic water permeability of the pleural surface, whereas the accumulation and clearance of pleural fluid was not affected (18). The results here in airway submucosal glands provide the first direct evidence for a physiological role of an aquaporin in the airways or lung.
In summary, we conclude that AQP5 is important for fluid secretion in airway submucosal glands. AQP5 is a water-selective transporter (29, 30) whose expression in peripheral lung (21, 31, 32) and cell culture models (33) 
